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ABSTRACT

Despite extensive research and much progress, it remains critical and challenging to precisely grow
nanowires structurally and dimensionally uniform. Here we present a focused-ion-beam (FIB) assisted
approach to controlling the ZnO nanowire growth with uniform diameters, height, and high crystalline
quality. Vertical-alignment is also achieved on nonepitaxial substrates without the assistance of ZnO
seeding layers (e.g., silicon and c-plane sapphire substrates). The programmable ability of FIB opens up
new opportunities of creating complex patterns in our approach. A new alloy catalyst Au-Ga is
developed for ZnO growth, with achievable narrow nanowire size distributions. Comparison studies of
growth behavior in the temperature range of 880-940 °C for Au and Au-Ga catalysts reveal different
growth kinetics and rate-controlling mechanisms that are consistent with the vertical-alignment and
drastically improved nanowire uniformity for FIB-assisted nanowire growth. Nanogenerators built with
improved nanowire platform exhibit a 2.5-fold increase in thermal energy conversion, demonstrating the
promise of our approach for advanced functional devices.
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= INTRODUCTION

The versatile, charismatic, ecofriendly, yet often capricious properties of ZnO nanostructures have
spurred all-embracing research on these materials over the last decade,'™ with the morphology, size, and
orientation control as one of the key measures in order to tailor their electronic or optical characteristics
for various device applications.”” In fact, ZnO has one of the most coveted varieties of morphologies
reported to date (with more than a dozen of nanostructure shapes),”'? among which ordered arrays of
one-dimensional (1-D) nanowires (NWs) have and will continue to play key roles as building blocks for
existing and future optoelectronics,”” nanogenerators,'* solar cells,” '° and sensors.'® These vertically-
aligned ZnO NWs sometimes also serve as templates for synthesizing other more exotic semiconductor
nanostructures (e.g., nanotubes) and thus open up new opportunities for lithium-ion battery applications
or for 3-dimentional (3-D) device integrations.'” '® A brief survey of the literature indicates that most
NWs are overwhelmingly fabricated from two basic synthesis routes; i.e., liquid (solution) growth® and
vapor growth.” * One of the later examples known as chemical vapor transport and condensation
(CVTC) process is especially recognized for its simplicity and capability of producing high-crystallinity
vertically-aligned NWs on various substrates.'” '* ' However, the approach itself can be deceptively
simple,”” as a simple tweak of synthesis conditions (e.g., temperature, carrier gas, catalyst, or substrate)
could lead to a vastly different mix of nanostructures with dissimilar electronic properties. Confusions
further arise in terms of growth mechanisms, as both vapor-liquid-solid (VLS) and vapor-solid-solid
(VSS) mechanisms are commonly invoked to rationalize growth (depending upon the types of
nanostructures and growth conditions). As such, for 3-D device integrations reproducible synthesis of
ZnO NWs with designated patterns, positions, spacing, alignments, densities, aspect ratios, and desired
physical properties remains critical and is an area of active research.*' The size, position, and height-
uniformity control is expected to become even more pressing when these ordered ZnO NWs act as

. 17,1
templates for other more advanced semiconductor nanostructures.'”'®

2|Page



LLNL-JRNL-600673

For a typical CVTC synthesis of vertically-aligned ZnO NWs,> ** %

a thin Au film catalyst on a
silicon or single-crystal sapphire (Al,O3) substrate is widely used. While this process is adequate to
produce high-quality single crystalline NWs, it lacks the control of NWs density, diameter, and height
uniformity due to the randomness of the film breakup at synthesis temperatures. In addition, the high
degree of vertical-alignment is conventionally achieved for ZnO NWs grown epitaxially on a-plane
Al,O3 or GaN substrate,B’ ' Whereas it is considered nontrivial for nonepitaxial substrates (e.g., silicon,
c-plane Al,Os, and others) unless with the assistance of textured ZnO seeding layers." ** Approaches
using gold nanoparticles® help position, diameter and density control, but encounter difficulty in
tailoring height uniformity. More advanced techniques such as laser interference lithography may offer
large scale and more uniform NWs in terms of height and diameter;’ but the lateral dimensions of these

NWs are generally large (in the submicron regime), which to some extent limits the tunable electronic

or optical properties and the device fabrications.

In this work, we present a simplistic but very effective approach to help control ZnO NWs diameter-
distribution and height-uniformity, together with programmable positioning capability. As illustrated in
Fig. 1A, our approach relies on the delicate Ga+ ion implantation ability of the focused-ion-beam (FIB)
technique. This approach is counterintuitive as such implantation effect is historically considered
deleterious or undesirable. Previously, FIB has been applied to pinpoint the catalyst deposition location
and help to grow 3-D Si NW branches, the principle of which is fundamentally different from our
approach.” In our protocol NW growth experiments, Au thin film is deposited on an a- or c-plane ALO;
substrate; the desired NWs growth area is exposed to low current Ga+ ion beam with an incident angle
of 90° for a short period of time, after which conventional CVTC growth is conducted (see Materials
and Methods). We find that high-density ZnO NWs with very narrow diameter distributions and nearly
uniform length are obtained in Ga' beam treated area, together with much higher growth rate.
Conversely, Au catalyst can be completely bombarded off by FIB with larger beam currents and/or

longer etching time, the area of which will have no NWs growth; i.e., our method can readily register
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(either negatively or positively) NW growth area that can be virtually of any shape due to the
programmable ability of FIB technique, the positioning ability of which is more versatile than
lithography-based techniques. Interestingly, drastic improvement on vertical-alignment is also achieved
for NWs grown on c-plane Al,Os or silicon substrate through our method. We examine the growth
kinetics and rate-controlling mechanisms of our approach through a series of control experiments. For
practical utility purposes, we observe a variation of photoluminescence properties of our ZnO NWs by
simple FIB treatment. As a direct result of substantial enhancement in NWs uniformity (in both
diameters and heights), we report enhanced electric current and power generation in our latest version of

hybrid ZnO NW generators.'*
= EXPERIMENTAL SECTION

Catalyst Film Preparation: 1.5 nm Au catalyst film was coated on sapphire or silicon substrate
using electron-beam evaporation method with a constant deposition rate of 0.01 nm/s. The as-deposited
Au film was selectively exposed to Ga' ion beam using a Quanta 3D dual beam FIB system (Oregon,
USA). The accelerating voltage is 30 KeV. The etching depths were set to 1 nm and the duration time
varies from tens of microseconds to several seconds. Patterns with desirable sizes and shapes were
preprogrammed during the FIB etching process. For Au-Ga alloy catalyst, 0.5 nm Ga and 1 nm Au film
was sequentially evaporated using e-beam evaporation without breaking the vacuum. Pure Au and Ga

catalyst films with the same thickness of 1.5 nm were also deposited for comparison purposes.

Nanowire Array Synthesis: ZnO NWs were grown using a double-tube CVTC system equipped
with Lindberg blue tube furnace. The diameters of the outer and inner tubes are 2.54 cm and 1.25 cm,
respectively, and the lengths are 65 cm and 32.5 cm, respectively. Prior to NW growth, the temperature
inside the furnace was carefully calibrated using a K-type thermocouple (TES 1310, Taiwan). An
alumina boat (2.8 cm x 0.7 cm x 0.7 cm) containing 782.2 mg ZnO (Alfa Aesar 99.99%) and graphite

(200 mesh, Alfa Aesar 99.9%) mixed powders (mass ratio: 1:1) were loaded into the inner tube and
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positioned at the center of the outer tube. A-plane or c-plane sapphire substrate coated with catalyst
films were directly placed on top of the powders. Ar (99.999+%) was used as the carrier gas at a
constant flow rate of 12 sccm. The furnace was heated to the target temperatures (i.e., 880-940 °C) with
a ramping rate of 50 °C/min., and the holding time is 0.5-5 mins. All NWs were grown in atmospheric

environment.

Structural Characterizations: Energy dispersive spectroscopy (EDS) was applied to analyze the
compositions of the catalyst film. The ZnO NW morphologies were characterized using a field-emission
scanning electron microscope (SEM, FEI, Quanta FEG). The length and diameter were manually
measured from a series of SEM images after growth. In the case that the NWs are tapered, the diameter
was measured at 2/L position (L is the length of NWs). The crystallographic orientations of as-grown
ZnO NWs were characterized using a D8 x-ray diffractometer (XRD) (Brukes). The atomic structures of
NWs were examined using a Philips CM 300 transmission electron microscope (TEM) at an
accelerating voltage of 300 kV. Room temperature photoluminescence (PL) spectra were collected

using a Fluorolog-3 type spectrofluorometer equipped with He-Cd laser.

Fabrication of Nanogenerators: Vertically-aligned ZnO NW arrays catalyzed by Au-Ga film or
Au film were chosen to fabricate nanogenerators. For device fabrication, 1% percent Poly (methyl
methacrylate) (PMMA) polymer dissolved in toluene was spin-coated to the NW forest. After drying the
PMMA film at room temperature, the top surface was oxygen plasma etched in order to expose the NW
tips, which was examined by SEM to make sure that NWs protrude from the polymer surface and the
exposure length of NWs is nearly the same for each device. To make top electrical contact, 5 nm Ti/200
nm Au film was deposited via e-beam evaporation. Ag paste attached to the ZnO film serves as the

bottom electrode.

Nanogenerator Power Conversion: Electrical transport properties of each nanogenerator were

examined using Keithley 4200 semiconductor characterization system. For power generation, the
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nanogenerator was placed on a Peltier hotplate and heated up from room temperature to 60 °C.
Temperatures were controlled by varying the input voltage of the hotplate. The swelling of PMMA
under high temperatures will cause the embedded ZnO NWs to deform and thus piezoelectric voltage
(current) signals can be produced. The voltage or current signals were recorded by monitoring electric

signals between the top and bottom electrodes while setting the input power as “0”.
= RESULTS AND DISCUSSION

FIB-patterned uniform NWs. Fig. 1B shows a low magnification scanning electron microscopy
(SEM) image of ZnO NW arrays grown on Au-coated (1.5 nm) a-plane Al,O; (R3c space group,
a=4.758 A, ¢c=12.991 A) substrate at 910 °C for 5 mins., with FIB-treated (30 KeV, 0.19 nA, 1 s) area
defined in a circular shape (~50 um in diameter). The NWs uniformity and quality are better revealed
from 45°-tilted and top-view (insets) SEM images taken from the treated, Fig. 1C, and untreated area,
Fig. 1D, respectively. Several important features are noteworthy from these images: First, NWs
preferentially grow in the FIB exposed area, resulting in substantially taller (~4 um) NWs than the
unexposed area (~0.5 um). The height of NWs in FIB-treated area is also much more uniform, evident
from the more homogeneous top-view contrast of NWs (compare Fig. 1C to Fig. 1D). Second, the
diameter-distribution histogram from two areas shown in Fig. 1E illustrate that NWs in FIB-treated area
have overall large diameters but an exceedingly narrow size distribution with nearly all NWs in the
range of 100-120 nm. In contrast, a wide size distribution is observed in the unirradiated area, with NW
diameters ranging from 50-140 nm. The density of NWs in FIB-treated and untreated areas is ~15 /pum®
and ~17 /um’, respectively. Third, the crystal quality in Ga+ implanted region is substantially improved
compared to the untreated region, as indicated by the microbeam X-ray diffraction (XRD) pattern (~10
um diameter beam size) (Fig. 1F) and room temperature photoluminescence (PL) measurements (Fig.
1G). According to Fig. 1F, predominant (0002) diffraction peak is observed in the FIB-treated region,

indicative of c-oriented growth and high degree of vertical-alignment. By comparison, the (0002) peak
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is weakened and a small (1011) diffraction peak is detected in the untreated area under our current
growth conditions, suggesting that some NWs grow along other orientations. The photoluminescence
spectra in Fig. 1G indicate that the defect-related green emission band centered on ~520 nm is greatly
suppressed in FIB-exposed region, suggestive of much higher NWs quality. This observation is in line
with some early reports that the higher surface area to volume ratio of smaller diameter NWs (<50 nm)
favors a higher level of surface and sub-surface oxygen vacancies."” The substantial amount of smaller
diameter NWs in the unirradiated area might be the primary reason why the photoluminescence
spectrum shows a much stronger green emission peak. These results demonstrate that simple FIB
treatment can be applied to tune the optoelectronic properties of ZnO NWs, which could be especially

effective if different optical emission is needed with NWs aligned on the same substrate.

At 30 KeV, Ga" ions penetrate through the Au layer (1.5 nm thick), and stop primarily in the Al,03
substrate [Supporting Information (SI), Fig. S1].*° In addition, an appreciable amount of vacancies
(~400 per Ga ion) are generated in the target. Implanted Ga is measurable by SEM energy dispersive
spectroscopy (EDS) (SI, Fig. S2). We therefore hypothesize that the growth of NWs in FIB-treated area
is catalyzed by Au-Ga alloy instead of pure Au, which may have fundamental impacts on the growth
kinetics and/or mechanisms of these NWs, as pseudobinary system (Au-Ga)-Zn has completely different
eutectic points®’ than those of binary Au-Zn. In addition, surface atomic steps or defects generated by
Ga' sputtering may influence the growth rate as surface steps or kinks enhance nucleation probability of
deposited materials.”® Our control experiments at the low temperature (880 °C) indicate that denser
nucleation sites were formed in the FIB-treated region (SI, Fig. S3), suggesting easy nucleation
processes. When the FIB etching time was prolonged (30 KeV, 0.3 nA, 2 s), however, NWs could
become tilted from the substrate. Further FIB etching (30 KeV, 0.3 nA, 8 s) completely removes Au
film, and ZnO NWs are no longer able to grow (SI, Fig. S4). These informative experiments underscore
the dual importance of both Au and Ga implantation on the observed growth behavior. Due to the
programmable ability of FIB technique, a wide range of sophisticated growth patterns can be readily
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created; two examples are illustrated in SI, Figs. S5-S6. We thus believe that our approach could be
useful for optoelectronic applications, which is likely more suitable for single devices (instead of large
scale fabrication — an area that traditional lithography patterning prevails).

Vertical-alignment on nonepitaxial substrates. The vertical-alignment growth is of fundamental
importance to device utilities, including optoelectronics, nanogenerators, sensors, and field-emitters. »’
Traditionally, two major approaches have been applied to achieve high-quality vertical growth of ZnO
NWs; i.e., heteroepitaxial growth on epitaxial single-crystalline substrates such as GaN or a-plane
ALO3," 1% 1% 3% and homoepitaxial growth by using textured ZnO seeding layers.® The former is
relatively expensive and involves isolating substrates; the later follows a nontrivial two-step process that
sometimes has residual contamination issues. Other vertical alignment strategies have also been

reported; but they were often hit-and-miss.”> "'

Interestingly, we observe that vertical-alignment growth
was achieved in the FIB-treated c-plane Al,O; substrate (a nonepitaxial substrate for ZnO),3O as
illustrated in Fig. 2A, where random-alignment is seen in regions outside the FIB-treated circle. This
interesting result suggests that vertical alignment may be achievable on nonepitaxial substrates via Au-
Ga alloy catalyst. The SEM images shown in Figs. 2B and 2C support this hypothesis, which indicate
that near-perfect vertical-alignment is obtained when using 1 nm Au/0.5 nm Ga catalyst on c-plane
AL Oj; substrate (Fig. 2B), whereas random alignment is seen for 1.5 nm pure Au catalyst (Fig. 2C). In
addition, the Au-Ga catalyzed sample shows a much narrower length (~1.2-1.8 pm) distribution
compared with that of Au-catalyzed sample (~1.2-4.3 pm), with the average diameter of Au-Ga sample
slightly larger. XRD patterns in Fig. 2D confirm the preferential c-oriented growth of Au-Ga catalyzed
sample, in contrast to relatively misoriented growth nature of Au sample. Moreover, such vertical-
alignment is achieved in the entire temperature range we have investigated (i.e., 880-920 °C). The
transmission electron microscopy (TEM) examinations of ZnO NWs grown from Au-Ga catalyst,

shown in Figs. 2E-G, indicate that the growth front of many NWs is in semi-round shape without any

catalyst. High-resolution TEMs from the tip (Fig. 2F) and edge (Fig. 2G) of a NW show atomically
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smooth surface without clear evidence of defects, consistent with the high-quality nature of NWs. These
intriguing experimental results strongly suggest that the growth mechanisms of ZnO NWs may be
fundamentally different when catalyzed by Au-Ga alloys compared to the commonly studied Au
catalyst.

To understand the origin of vertical-alignment, we examine the incubation (i.e., nucleation) period
of ZnO on c-plane Al,O5 substrate by using Au-Ga and Au films at two temperatures (880 °C and 900
°C), respectively. The growth time is fixed at 30 s for all the cases. The comparison results are displayed
in SI, Fig. S7. The film breakup and formation of isolated ZnO textured seeds are observed for Au-Ga
catalyst, SI, Figs. S7TA-B. This is not surprising, considering the low eutectic point of Au-Ga alloy (at
339 °C), suggesting that the film has become liquid phase before the Zn vapor is transported to the
surface. In contrast, the Au film remains nearly intact during the initial growth; i.e., Zn vapor seems
directly absorbed by solid Au film, SI, Fig. S7C. The further growth may proceed with the formation of
ZnO seeds, and the majority of NWs grow 51.8°-oriented off the c-plane sapphire substrate following
the [0001]200/|[1014]sapphire and [1010]z0]|[1210] epitaxy,” SI, Fig. S7D. XRD patterns (SI, Fig. S7E)
further indicate that the ZnO seeds from Au-Ga catalyst have a preferred {0002} orientation that may be
the primary reason why vertical-alignment growth was obtained for Au-Ga catalyzed samples.

Growth mechanisms and kinetics. Although the growth of ZnO NWs has been broadly

d,> > 7 8 12212430, 3248 the ynderstanding of alloy catalysts on the growth behavior is

investigate
surprisingly rare and seldom studied. To our knowledge, there are no previous studies on Au-Ga
catalyst for ZnO NWs growth; but such studies could be very beneficial due to less contamination nature
of alloys compared to pure noble metals. In addition, the fundamental growth kinetics and mechanisms
of ZnO NWs can be quite complex. To comprehend the enhancement in NWs quality, uniformity,
vertical-alignment, and elucidate the rate-controlling factors in NW growth, we carried out a series of

comparison experiments at different temperatures (880-940 °C) by using pure Au (~1.5 nm) and Au-Ga

(~1 nm Au and ~0.5 nm Ga) thin films as catalysts, respectively. As shown in Figs. 3A-H, it is plain that
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ZnO NWs have higher quality at all growth temperatures when using Au-Ga catalyst (compared to Au),
and that NWs can grow at a lower temperature (~880 °C) for Au-Ga catalyst, Fig. 3A, consistent with
the very low eutectic points of Au-Ga-Zn ternary system. Note that the CVTC process relies on a
reduction of ZnO powder and the evaporation of Zn which limits the lowest temperature we could
investigate. Our thermogravimetric analysis (TGA) suggests that Zn and C have a reaction temperature
of ~880 °C at a heating rate of ~ 20 °C/min., SI, Fig. S8. Interestingly, we observe an inverse
temperature-dependent diameter trend for both catalysts; i.e., the average diameter of NWs first
increases with the growth temperature, reaches a maximum value (900 °C for Au, and 920 °C for Au-Ga,
see Figs. 4E, F), and tails off as the temperature further rises. These results imply that there exists an
optimal temperature for NWs to grow under the current thermal reduction process, and that the NW
diameters may not be completely defined by the initial catalyst sizes, suggesting the perversely complex
nature of NWs growth.*!

The growth kinetics or the rate-controlling steps of NW growth for two catalysts can be better
revealed through the length (L) vs. diameter (d) statistic trends displayed in Figs. 4A-D. For the
convenience of comparison, the growth time for all samples is set to 1 min. Here the growth rate
(V=dL/dt) is simply calculated via L divided by total growth time (i.e., include incubation time of NWs).
For the CVTC synthesis of ZnO NWs, several key rate-limiting steps could contribute to the NW
growth (assuming VSS or VLS processes): (1) the Zn vapor transportation to the surface; (2) the
incorporation of Zn vapor into the catalyst via vapor-solid or vapor-liquid interface;” (3) diffusion of
source materials in the solid or liquid phase; and (4) nucleation of source materials from solid/solid or
liquid/solid or liquid/solid/vapor interfaces. Note that step (4) may also involve the oxidation of Zn.
Steps (2) and (4) typically lead to a positive slope in L vs. d plot due to the classical Gibbs-Thomson
effect or nucleation controlled growth mechanisms, whereas steps (1) and (3) render a negative slope

(i.e., growth rate decreases with diameter). In Figs. 4A-D, we note that the slope of L-d for Au catalyst
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remains positive and increases with growth temperatures, Fig. 4E, suggesting that the growth via Au
catalyst is kinetics controlled. The growth rate of NWs can be expressed as Arrhenius-type equation
V = Kye Ea/kT, (1)

where Kj is the pre-factor, E, activation energy, K Boltzmann constant, and T the temperature. A linear-
least-square fit of the growth rates at different temperatures shown in SI, Fig. S9A yields an E, of 3.22
eV for the Au catalyst. Note that this value is obtained by including the incubation time of NWs, which
is surprisingly higher than the activation energy of various processes seen in ZnO materials, Table 1.*°?
The wide spread of the activation energy data in the literature indicates the complexity of growth
kinetics and testify that a united picture on fundamental growth process of ZnO NWs has not reached
yet. In fact, our E, is close to the ZnO bulk diffusion activation energy (~3.16 eV),*® which may suggest
that the initial growth (i.e., the first 1 min.) of ZnO NWs is primarily related to the vapor-solid (VS)
nucleation process instead of the commonly believed VLS process.”” This may also be attributed to the
fact that all the growth temperatures studied here are below the melting temperature of Au, and that the
incubation time for low temperature is relatively long. For example, we observed a 30 s incubation time
for the 880 °C case. By taking into account the incubation time at different temperatures, which are 30 s,
20s, 15 s, and 10 s for 880 °C, 900 °C, 920 °C, 940 °C, respectively, we obtain an activation energy of
2.20 eV for the growth with Au catalyst — a value that is in line with those reported in the literature for
similar CVTC processes.” Due to the relatively large scattering of the L-d data and the facts that mixed
growth mechanisms are often seen in Au catalyzed ZnO NW growth,’® we refrain from further
discussions of the underlying physical mechanisms.

On the other hand, as illustrated in Fig. 4F, the growth rate of NWs catalyzed with Au-Ga increases
first and then drops after 920 °C. This suggests that the growth behavior may not be controlled by
kinetics at the highest temperature. By using the first three temperatures, we estimated an E, of 2.82 eV
(SI, Fig. S9B), which is lower than that for the case of growth on Au catalyst. This agrees with the

easier growth nature of NWs with the Au-Ga catalyst. Interestingly, we further note that the slope of L-d
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for Au-Ga catalyst shifts from positive to negative as the temperature arises. A negative slope at 940 °C
for Au-Ga catalyst is a hallmark of source- or diffusion-limited growth process [i.e., (1) or (3) step
above].”* This slope transition may allow us to locate a temperature region where the growth rate of
NWs can be independent of diameter (i.e., zero slope) — a vital route to narrow the NW height
distributions.>* For Au-Ga catalyst, this temperature is likely between 920-940 °C (see Fig. 4C and 4D).
Due to the exceptionally narrow distribution of ZnO NWs grown from FIB-treated Au catalyst (see Fig.
1E), the growth rate of this sample at 910 °C is essentially diameter-independent. The slightly lower
temperature seen in FIB sample compared to that expected from Au-Ga catalyst is not surprising, as
catalyst composition discrepancy exists between these two samples.

Experimentally, we also observe a layer of porous ZnO film underneath NWs for Au-Ga catalyst at
higher temperatures (SI, Fig. S10), which appears to suggest the Stranski-Krastanov growth mode.”'
The high sticking coefficient of liquid phase may allow for the formation of a textured ZnO wetting
layer prior to NW growth — a mechanism that was proposed in the literature. ' Our controlled
experiments have indeed revealed a thin layer of ZnO seeding layer at 940 °C (SI, Fig. S11), after which
NWs were seen to grow. At the growth temperatures below 920 °C, however, we only observed isolated
ZnO seeds (see SI, Fig. S7A). This leads us to speculate that the growth at lower temperatures may
follow the Volmer-Weber mechanism,” and that the seeding film is not prerequisite to vertical-
alignment. Interestingly, Au-Ga catalyst was not found on the tips of ZnO NWs at all growth
temperatures, indicating that the growth of NWs may proceed through a self-catalyzed process.” The
role of Au-Ga catalyst seems to act as source to adsorb Zn vapor and the nucleation of ZnO seeds. Two
additional observations further support this hypothesis: (1) an inverse tapering behavior is observed at
940 °C for Au-Ga catalyst; i.e., the bottom half of NWs is thinner than the top half (inset of Fig. 3H).
This is not consistent with conventional VLS processes as a normal tapering behavior is expected for

such a process; (2) the growth rate at 940 °C is slower than those at lower temperatures, plus a negative
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L-d slope. This is a strong indication that surface-diffusion along the NW sidewalls controls the NW
growth at this temperature.

Questions remain on why the ZnO seeds have preferred texture (see SI, Fig. S7E).” Some
calculations suggest that the {0001} surface energy of ZnO depends upon the crystal thickness so that a
thin slab (i.e., ZnO nuclei) could adopt the {0001} orientation,”” which maintains its crystallographic
orientation during further growth as {0001} is the highest-energy but fast grown surface.’® In our case,
however, we suspect that the high affinity of Ga to oxygen may play a role in the ZnO seed formation
and promote the c-axis texturing. We argue that the interfacial energy between the substrate and the
seeding layer could influence the texture orientation of ZnO, provided that the textured seeds are formed
on the substrate — catalyst interfaces. To test this hypothesis, we replace c-plane Al,O3; with a (100)
silicon substrate (with 250 nm native oxide layer) and grow NWs with the same composition Au-Ga
catalyst. We find that the vertical alignment of ZnO NWs is achieved (SI, Fig. S12); but is clearly worse
than in the case of the c-plane Al,Os substrate. Note and it has been suggested in the literature®® that the
achievement of vertical alignment can be helped by the formation of Al,ZnO,4 nanostructures, which
requires the diffusion of Zn and O into Al,O3 that takes time and also strongly depends upon the growth
temperature. This is an unlikely scenario in our cases due to the very short growth time used in our
experiments.

Nanogenerators with enhanced power output. The facile synthesis of vertically-aligned ZnO
NWs with much better controlled length and diameter uniformity is expected to be beneficial for

optoelectronic applications, including solar cells. °

In addition, ZnO NWs are important building
blocks for piezoelectric nanogenerators.”*” Although continuously increased conversion efficiency and
power output have been reported for ZnO NW based nanogenerators, most piezoelectric nanogenerators
focus on the mechanical energy conversions. The platforms that are able to harvest non-mechanical

energy sources are desirable in order to broaden the applications of nanogenerators and convert multiple

environmental energies; but have been progressing slowly. We have recently developed the first
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generation piezoelectric/polymer hybrid nanogenerators,'* where vertically aligned ZnO NWs are
embedded inside polymer matrix (SI, Fig. S13). In principle, such devices can harvest multiple energies
(light, pressure, chemical energy) through stimulus mechanisms on polymers. As a proof-of-concept, we
demonstrate that our protocol platforms can convert thermal energy into electricity by taking advantage
of the shape change of thermoplastic polymers and the axial deformation of NWs (in contrast to the
bending motion of NWs in most nanogenerators). Despite the advantages of converting non-mechanical
energies using piezoelectric transducers, it has been difficult and challenging to enhance the power
output of these nanogenerators. Quantitatively and for the first-order approximation, the piezoelectric

potential of such a device can be given by'*

- “Ep
ApEp+AnEn

(ay — an)ATdiB : )
where A, E, a refer to areal fraction, Young’s modulus, thermal expansion coefficient, respectively. The
subscript 'p” and 'n” represent polymer and NWs, respectively. AT is the temperature change, and ds; is
the piezoelectric constant of ZnO along the Z-axis. The equation adequately predicts the voltage output
trend and its correlations with the mechanical and physical properties of polymers (e.g., stiffness and
thermal expansion coefficient). However, it does not take into account of many other important
variables such as the electrical properties and geometric factors of NWs, interfacial coupling strength
between NWs and polymer,” and the alignment of transducers. If these factors can be fully understood,
a substantial enhancement of power generation is possible. Intuitively, more uniform NWs could not
only facilitate device fabrication, but also help enhanced power generation (to be discussed in the next
paragraph). But such approach is challenging due to the difficulty of controlling NW size distributions.
Here we report drastic increase in power generation by tuning the NW diameter distributions,
using the new catalyst we have developed. Two nanogenerators, with ZnO NWs grown via Au-Ga and
Au catalysts, respectively, were fabricated according to the procedures described in Ref. [14]."* The
power generation ability of the devices was tested using a thermal stimulator (i.e., a Peltier heater), and

is compared in Fig. 5. In the same device area (~1 mm?), the peak electric current output of Device A
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fabricated from Au-Ga catalyzed NWs is about twice of that from Device B (which used Au-catalyzed
NWs), suggesting the higher power generation ability of Device A (which used Au-Ga catalyzed NWs).
Based on the open circuit voltage and the electric current, we calculate a peak power generation of 1.64
nW and 0.64 nW for Devices A and B, respectively; i.e., a 2.5-fold increase in power generation. This is
quite significant, considering that about 55% of heat on the earth is wasted. we believe such power
enhancement could be benefit from several important factors: (1) more uniform NW geometries and
densities in A (see Fig. 5A vis-a-vis Fig. 5B), which make the fabrication of electrode contacts much
easier; (2) nearly all ZnO NWs in Device A are aligned along the {0002} direction, which is the
orientation with the highest piezoelectric constant, whereas some NWs are grown along other
orientations in Device B; (3) the ZnO NWs from Au-Ga catalyst have fewer defects. Perhaps even more
importantly, the vertical-alignment of ZnO NWs achieved via the alloy catalyst allows us to fabricate
nanogenerators on a variety of flexible substrates, which is otherwise not possible via conventional Au-
catalyst approach. Patterning or even 3-D printing of nanogenerators could become possible due to the

versatility and programming ability of the FIB technique.

= CONCLUSIONS

We have demonstrated a FIB-assisted control growth of ZnO NWs with very narrower diameter
distributions, height uniformity, and better crystalline quality. Vertical-alignment is achieved with this
technique, together with programmable patterning capability. Comparison studies of ZnO NWs growth
in the temperature range of 880-920 °C with Au and Au-Ga catalysts reveal different growth kinetics
and mechanisms. It was found that the growth of NWs on Au film is kinetics controlled with an
activation energy of 2.20-3.22 eV. In contrast, the growth controlling mechanisms for the Au-Ga
catalyst depends on the temperature. The lack of catalyst on NWs tips and a negative L-d slope suggest
that the growth of these NWs at higher temperatures is self-catalyzed with the growth behavior
controlled by self-diffusion processes. A narrow NW size distribution is achievable for Au-Ga alloy

catalyst. Nanogenerators have been fabricated based on the knowledge learned from our growth studies.
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High quality and high uniform NW platform generates a current output that is approximately doubled
compared to that achieved in our previous approach. Other applications of FIB-assisted or Au-Ga
catalyzed growth could include sensors, field emitters, optoelectronics, and light-emitting diodes that

rely heavily on NW dimensional control and vertical-alignment.

Supporting Information Available: Supporting Figures S1-S13. This material is available free of charge

via the Internet at http://pubs.acs.org.
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FIGURE CAPTIONS

Figure 1. (A) The schematic of our approach by using FIB exposure of Au catalyst. (B) Preferential
growth of ZnO NWs in FIB-treated area (the central circle). (C) and (D), plan-view SEM images
of the NWs from the region exposed to FIB, and unexposed, respectively. The insets are 45°-
tilted view images for (C) and (D), respectively. (E) Diameter distributions from FIB-treated and
untreated regions, showing vast difference in terms of diameter uniformity. (F) and (G), XRD
and room-temperature photoluminescence spectra of NWs from FIB-treated and untreated areas,
respectively.

Figure 2. ZnO NWs and their microstructure grown on c-plane Al,O; substrate. (A) The vertical-
alignment of ZnO NWs observed in FIB-treated area (middle circle). The FIB condition was 30
KeV, 0.3 nA, 0.7 s. The NWs were grown at 910 °C for 1 min. (B) and (C), SEM images of
vertically- and randomly-aligned ZnO NWs grown (910 °C, 2 mins.) with Au-Ga and Au
catalysts, respectively. (D) XRD patterns of ZnO NWs from (B) and (C), respectively. (E) A
TEM image of ZnO NWs grown with Au-Ga catalyst. The square area highlights the semi-round
shape of a NW. (F) and (G), zoomed-in high-resolution TEM images from the tip (F) and edge
(G) of the ZnO NW shown in (E).

Figure 3. A comparison of ZnO NW morphologies grown with Au and Au-Ga catalysts. All the images
have the same scale bar except for the inset. (A)-(D), SEM images of ZnO NWs grown with Au
catalyst, at 880, 900, 920, 940 °C, respectively. (E)-(H), morphologies of ZnO NWs grown with
Au-Ga catalyst, following the same temperature order as Au. The growth time for all images is 1
min. The inset in (H) is a zoomed-in SEM image of a NW with 200 nm scale bar.

Figure 4. Length (L) vs. diameter (d) plots of ZnO NWs grown with Au and Au-Ga catalysts at the
temperature of (A) 880 °C, (B) 900 °C, (C) 920 °C, and (D) 940 °C, respectively. The straight
line in each figure is the least-square fit line for the set of L-d data (>100 counts) at that
temperature. (E) and (F), the average growth rate (V) and the average diameter at different
growth temperatures for Au and Au-Ga catalysts, respectively.

Figure 5. (A) and (B), SEM images of the top surfaces of nanogenerators after oxygen plasma etching
before the electrode contacts were made, for Au and Au-Ga grown ZnO NWs, respectively. The
NW density is estimated to be ~15/ pmz and ~17/ pmz for (A) and (B), respectively. (C) and (D),
electric currents generated from the devices in (A) and (B), respectively. A Peltier heater
(defined as the heating voltage in the figures) was used to thermally stimulate the nanogenerators
in order to simulate the power generation capability.
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TABLE 1 A partial list of activation energies reported in the literature on ZnO NW growth (CVTC:
chemical vapor transport and condensation; PVD: physical vapor deposition)

Synthesis Conditions Activation Energy Proposed References Note
(Ea, eV) Mechanisms
CVTC with ZnO+C as 1.73-2.62 Surface diffusion > E, is diameter
precursors, Au particles as controlled dependent
catalyst, 900 °C
CVTC with ZnO+C as 3.22 -- Our work Including
precursors, Au as catalyst, 880- incubation time
940 °C
2.20 -- Growth only
CVTC with ZnO+C as 2.82 -- Our work
precursors, Au-Ga as catalyst,
880-920 °C
Heating Zn in air, no catalyst, 0.87 Migration of Zn 46
400-530 °C interstitials
PVD with ZnO powder, no 1.33 Oxidation of Zn 1247
catalyst, 1000-1400 °C
-- 3.16 ZnO lattice 48 Not related to NW
diffusion growth
-- 2.46 The activation 32 Not related to NW
energy for the growth
formation ZnO
Hydrothermal, 60-140 °C, on 0.77-2.11 -- ! Model prediction
GaN substrate (Ea is length and
density dependent)
CVTC with ZnO+C as 2.43 Formation of ZnO 30 E, is diameter

precursors, on amorphous
carbon, no catalyst, 785-860 °C

dependent
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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